Phylogenetic footprinting is an efficient approach for revealing potential transcription factor binding sites in promoter sequences. The idea is based on an assumption that functional sites in promoters should evolve much slower then other regions that do not bear any conservative function. Therefore, potential transcription factor (TF) binding sites that are found in the evolutionally conservative regions of promoters have more chances to be considered as "real" sites. The most difficult step of the phylogenetic footprinting is alignment of promoter sequences between different organisms (f.e. human and mouse). The conventional alignment methods often can not align promoters due to the high level of sequence variability. We have developed a new alignment method that takes into account similarity in distribution of potential binding sites (motif-based alignment). This method has been used effectively for promoter alignment and for revealing new potential binding sites for various transcription factors. We made a systematic phylogenetic footprinting of human/mouse conserved noncoding sequences (CNS). 60 thousand potential binding sites were revealed in human and mouse genomes. We have developed a database of the predicted potential TF binding sites.
Introduction
Genes in genomes of higher eukaryotic organisms are regulated mainly by the means of multiple regulatory proteins -transcription factors (TF), acting through specific regulatory sequences (TF binding sites) that are located usually in the proximity of the genes when constituting a promoter, or at more remote locations when being a part of an enhancer. The unique pattern of regulation of every gene in the multiplicity of different cellular, tissue-specific and developmental conditions can be fully understood through identifying all functional TF binding sites in the regulatory regions of genes. New techniques of large scale analysis such as ChiP on chip (Ren et al, 2002) provide means for extensive identification of TF binding sites. But the large number, combinatory nature of regulation as well as practically unlimited verity of cellular conditions renders unlikely an experimental genomescale identification of TF binding sites. Computational identification of potential TF binding sites in gene regulatory regions become very important for gene prediction, functional characterization of newly discovered genes (Bucher, 1999; Werner, 1999; Wasserman & Fickett, 1998) as well as for understanding of regulatory circuits in the cell. There are a number of pattern-based as well as matrix based methods for prediction of potential TF binding sites (Quant et al., 1995; Goessling et al, 2001 ) but the false positive prediction rates are pretty high (Tronche et al, 1997) .
Phylogenetic footprinting (Gumucio et al., 1996; Duret and Bucher, 1997 ) is a very effective approach for identification of regulatory elements, which relies on the cross-species sequence comparison. Phylogenetic footprinting is based on the assumption that the parts of gene regulatory regions that are liable to no or little variations in the course of evolution have important functions (Duret & Bucher, 1997) . The essence of the method is the alignment of the regulatory regions of the orthologous genes and finding of the most highly conserved regions.
Though, it is clear that this method works as far as the pattern of regulation of the particular gene and their control mechanisms are conserved across species, which can be true for rather similar organisms only. Sites will stay conserved when they provide basic regulatory function of a gene which is conserved between considered species. Species-specific regulatory nuances will not be recognized by this method. On the other side, sequence comparison of a closely related species does not help to distinguish functionally conserved features against a background similarity of recently evolved sequences. Therefore, human and mouse are generally accepted as a reasonably similar as well as pretty distant species to perform efficient phylogenetic footprinting of their genomes (Mueller et al, 2002) .
In the last years, the approach of phylogenetic footprinting was used several times to reveal potential TF binding sites in different genes: in upstream region of the beta-like and ε-globine genes (Gumucio et al, 1993; Gumucio et al, 1996) , in COX5B gene that encodes subunit Vb of cytochrome c oxidase (Bachman et al, 1996) . Recently, phylogenetic footprinting helps to reveal new E2F sites and proposes a regulation in cell cycle for a number of new genes ). Conservative combinations of two binding sites (composite elements) were revealed in many T-cell specific genes (Kel et al., 1999) . Using principles of phylogenetic footprinting a number of novel binding sites were revealed in regulatory regions of 502 genes associated with a variety of different human diseases (Levy et al., 2001 Blanchette et al, 2002) . The most critical step of the phylogenetic footprinting is alignment of regulatory sequences such as promoters and enhancers. The conventional alignment methods often can not align promoters due to the high level of sequence variability. We have developed a new alignment method that takes into account similarity in distribution of potential binding sites. We call this method: motif-based alignment. This method has been used effectively for promoter alignment and for revealing new potential binding sites for various transcription factors. We made a systematic phylogenetic footprinting of human/mouse conserved non-coding sequences (CNS) that were downloaded from the Berkeley Genome Pipeline site ( http://pipeline.lbl.gov/ ) of the global comparison of human and mouse genomes. 60 thousand potential binding sites were revealed in human and mouse genomes. We have developed a database of the predicted potential TF binding sites.
This database as well as the program for motif-based alignment and phylogenetic footprinting are available at: (compel.bionet.nsc.ru/FunSite/footprint).
Method

Search for TF binding sites.
We developed a new method for alignment of regulatory sequences that includes information about TF binding sites. To search for the sites we apply position weight matrices (PWM) from TRANSFAC database (www.biobase.de) . Every nucleotide in a sequence can potentially be belong to one or several TF binding sites. We estimate the probability ( ) k S w p , of k-th nucleotide of a sequence S to be belong to a binding site of a factor p The corresponding scores for different weight matrices can be seen in the Figure 1 . We use different smoothing functions that weight differently the core positions of the sites ( Fig. 1 a and b) . First smoothing function gives more weight to the core positions of the site, the second function gives similar weights to all positions of the site.
It is known that the library of weight matrices contains matrices that are similar to each other. These are different matrices for the same transcription factor or for the transcription factors that are very similar in their DNA binding signature. We consider a similarity matrix M that takes into account similarities between weight matrices. We use M to convert the probability to a new function:
nucleotide for this element. The components of the vector ( ) a ϕ r we will call TF belonging coefficients.
Motif-based alignment algorithm.
We have developed an alignment algorithm for pair-wise and multiple alignment of nucleotide sequences. The algorithm is similar to the generally accepted NeedlemanWunsch dynamic programming algorithm. A major modification is made in the way of calculating the nucleotide substitution weights and gap penalty. The PWM scores were considered at every sequence positions in order to compute the corresponding substitution weights and gap penalty (see Fig. 2 ). For calculation of the gap penalty we construct a disjoining score function that can be applied to any two neighbor positions a and b in one nucleotide chain:
This score estimates how similar are the two TF belonging vectors for these two positions. If both these positions have high belonging coefficients for the similar sets of transcription factors then the score X gap is high. It means that most of the predicted TF binding sites in this region span over these two neighbor positions and disjoining of these positions by a gap will cause braking of these TF binding sites and is considered as an unfavorable event.
For N sequences in the alignment we use the following variant of the disjoining score function, where gap C , gap W are optimized constants:
We use this function for calculation of the gap penalty, while inserting gap in
which describes the score of disjoining of positions k-1 and k due to a possible insertion in the sequence 2 S during evolution;
which describes the score of simultaneous disjoining of positions l-1 and l as well as l and l+1 due to a possible deletion in the sequence 1 S during evolution. Both deletions and insertions are considered to be equally probable that is why the gap penalty is a mean value between G and R. 
, where Figure 3 we present an example of alignment of two sequences that is done by the motif-based algorithm. The score values of the aligned sequences are shown above and under the sequences correspondingly. One can see that the peaks of the TF belonging coefficients are aligned to each other.
Implementation and results
Implementation and availability.
The motif-based alignment algorithm was implemented as a Java standalone program. It takes two sequences as input and align them. First it runs the Match program (Goessling et al., 2001 ) that finds potential TF binding sites in the sequences. Specific collection of weight matrices with predefined cut-off values for every matrix can be specified by the user: taxon-dependent collection, tissue or function specific, minimizing false positive or false negative error. User can build his own profile with the help of TRANSPLORER program (http://www.biobase.de/pages/products/transplorer.html).
Testing of the alignment using a model of orthologous promoter sequences.
In order to validate the developed alignment algorithm we have constructed a computer model of evolution of promoter sequences. An ancestor sequence of a length L is randomly created. In this sequence we implant sites N binding sites with 1 + sites N spacers between them and on flanks. From this sequence we generate two descendant sequences by introducing R spacer random mutations (insertions, deletions and substitutions) in the spacer regions and R site substitutions in the sites. We require that after each iteration all sites should remain "functional". For that, we check the PWM score for each of them and discard cases when the score drops below a certain cut-off (CO site ). Then, these two sequences are aligned and positions of the alignment blocks are compared with the sites that were originally implanted. In the case of misalignment of one of the sites we report a failure. We have compared the developed motif-based alignment algorithms with the ClustalW by counting the percentage of failures. Our algorithm shows much better performance in finding correct alignment. With the homology of sequences equals to homology between human and mouse, the failure rate of our algorithms was about 0.1% whereas ClustalW gives approximately 2.5% of failures. It is worth mentioning here that both alignment algorithms were always reporting a variant of alignment. Although, in the case of the failure the ClustalW alignments does not match the correct implanted sites but often matches wrong sites that were not implanted.
Phylogenetic footprinitng of human/mouse conserved non-coding sequences (CNS).
Evolutionary conserved non-coding regulatory sequences (CNS) could serve as good landmarks on genome to find functionally important promoters, enhancers or silencers (Duret & Bucher, 1997) . Phylogenetic footprinting of CNS will help us to reveal TF binding sites and assign a regulatory function to the regulatory regions and to the adjacent genes. We use results of the Berkeley Genome Pipeline ( http://pipeline.lbl.gov/ ) of the global comparison of human and mouse genomes. We have download the complete list of CNS and made the phylogenetic footprinting of all of them. Two types of alignment were used. First, we made an alignment using ClustalW, and second, using the developed motif-based alignment algorithm. An example of VISTA large scale analysis of the PTH gene located in the human chromosome 11 is presented in the Fig. 4 . 3 conservative non/coding sequences <=======.V$MYOD_Q6(0.93) pth_mouse_GCAAAAAGCCTGCATATGAAACTCAGACTTGAAGAA--CTGCAGTCCAGTTCATCAGCTG +43 *** ** *** **** *** *** ** *** ********** ******** ** ====================================================================== ==V$MYOD_Q6(0.93) == =======>V$AP4_Q5(0.84) pth_human_TCT---TTAGT-----TTACT-CAGCATCAGCTACTAACATACCTGAACGAAGATCTTGT +53 =========>V$AP4_Q5(0.80) ==V$MYOD_Q6(0.93) pth_mouse_TCTGGTTTACTCCAGCTTACTACAGCATCAGTTTGTG-CATCCCCGAAGGATCCCCT--T +106 *** *** * ***** ********* * * *** ** *** ** ** * ====================================================================== <===========V$SRY_02(0.87) pth_human_TCTAAGACATTGTATGGTAAG <===========V$SRY_02(0.88) pth_mouse_TGAGAGTCATTGTATGGTAAG * ** ************** Figure 5 . The result of applying of the phylogenetic footprinting tool to the proximal part of the human/mouse PTH CNS3. The beginning of the fist exon in both sequences is marked by a shadow. Two sites are marked (CREB and VDRE) that have been described previously for this region in human PTH gene. Conservative sites found by this analysis are shown by the arrows above each sequence. A number of new potential sites is revealed: CREB site, OCT site near start of transcription, a couple of NF-AT sites, SP-1 sites, GATA sites and some others.
Phylogenetic footprinting was done by the previously developed tool ( http://compel.bionet.nsc.ru/FunSite/footprint/ ) that takes two or several aligned sequences, finds conservative binding sites and display them. Binding sites with the score exceeding a predefined cut-off, for transcription factors that belong to the same family and that have overlapping location on the alignment are considered as the positive match of the phylogenetic footprinting.
The list of 17117 CNS of the total length of alignment 2418267 bp was analysed. We applied a set of 240 weight matrices from TRANSFAC rel. 5.3 with the cut-offs optimized to minimize the sum of false positive and false negative errors. Using ClustalW alignments we found 54075 conservative TF binding sites. Using the motif-based alignment we found 58106 conservative TF binding sites. So, our algorithm that includes information about potential TF sites at the very GGAGCTTTACCGCGGCGAGTTTGAAACTGCT--+1 ** ***** ***** *************** Figure 6 . The result of phylogenetic footprinting of the promoter regions of human /mouse cdc2 gene. 5 sites annotated in TRANSFAC are marked. 3 of them are confirmed by the phylogenetic footprinting. On the bases of this analysis we can propose the structure of R box: it contains E2F and Myb sites. c-Ets site in human promoter is not conserved in mouse, although we revealed a new conserved c-Ets site 20bp upstream.
early stage of analysis allows us to reveal 4031 more binding sites then using other alignment algorithm. In the figure 7 one can see the comparison of the number of revealed sites using ClustalW alignment versus our motif-based alignment.
It is interesting to observe that motif-based alignment algorithm helps to reveal more sites with the score values from 0.78 to 0.92, which are the most functionally relevant sites. Low scoring sites (lower then 0.72) and peak scoring (higher then 0.92) are revealed in the same amount as using the ClustalW alignment. We made a comparison between two alignment algorithms whether they identify the same sites. The comparison shows that only about 80% of sites are found the same (data not shown). Due to the higher failure rate for ClustalW to reveal the correct sites (see the simulation results) we can assert that motif-based alignment not only finds more genomic sites but all sites reported by this alignment are expected to be more often correct then using the ClustalW algorithm.
An example of comparison of results of two alignments done by ClustalW and motif-based alignment algorithm is presented in the Fig. 8 . One can see that our algorithm enables revealing an additional conservative potential TF binding site that was missed by ClustalW.
We have developed a database of predicted potential TF binding sites in human genome by analyzing the human/mouse CNS. Using this database user can retrieve all conservative sites for a selected chromosome or for a region at the chromosome and can visualize gene information for the nearest upstream and downstream genes, that can be targets for regulation through found TF binding sites. Using the developed database molecular biologists can plan their experiments for validation of found target genes and can make regulatory functional annotation of human and mouse genome.
